Introduction
Resistive-switching random access memory (RRAM) based on metal oxides has attracted considerable interests for next generation Non-Volatile Memory devices due to the excellent scalability, high density and memory performance, and compatibility with the CMOS process [1] . Despite some progresses [1, 2] , there are still many challenges for commercial utilization of metal oxide RRAM such as high Reset current [1] . The Forming operation current will directly decide the subsequent Reset current [3] and the current overshoot during the Forming process will cause a larger Reset current [4] . Therefore, a study of the Forming process to suppress the current overshoot is imperative. It is widely accepted that the resistive switching in metal oxide RRAM is attributed to the formation and dissolution of conductive filament (CF) consisting of oxygen vacancies (V O ) [5] [6] [7] . In this paper, we report and demonstrate a stochastic simulator to self-consistently simulate the evolution of CF in the Forming process. Based on the stochastic simulator, the optimization approach of CF by controlling of CF evolution to suppress the current overshoot to achieve low operation current is addressed. The achieved results are helpful for low current RRAM design and application.
Model and Simulation
Fig.1 schematically illustrates the resistive switching mechanism correlated with the Forming process in metal oxide RRAM [6] , which can be depicted by the equations as shown in Table I . Under the external bias, V O generation is a random process and the generation probability (P a ) is expressed as Eq. (1) [6] . And the probability of O 2-hopping to the neighbored interstitial sites (P h ) is controlled by Eq. (2) [7] . When O 2-is located at the neighbor of V O , the recombination occurs with the lifetime t 0 (10 -6 s) [7] . The process of O 2-absorbed and released by electrode are the same as the O 2-hopping, except that the barrier changes to E i (1.0eV) [7] . Stochastic method is used to simulate the above microscopic processes. To simulate the above mentioned microscopic processes self-consistently and efficiently, a resistor network based on the percolation theory [8, 9] is introduced. For the simplification, we assume the IV-characteristics between two V O , V O and electrode are the same and can be described as Eq. (3), while the other resistance is modeled as Eq. (4). The potential and current can be solved by the Kirchhoff law and the located temperature can be given by the Fourier heat-flow equation (Eq. (5)) at the time after each microscopic process which ensures our simulation is self-consistent. The flowchart of the stochastic simulator is shown in Fig.2. 
Results and Discussion
Firstly, the Forming process of oxide-based RRAM is simulated and compared with the measured data of TiN/HfO X /Pt RRAM, as reported in our previous work [10] . Fig.3 shows V O evolution during a Forming process. A fine CF is firstly formed to connect the two electrodes. Then it rapidly develops into a strong conical shape of CF under external bias, consistent with previous conjecture based on the experimental data [5] . Fig.4 plots the simulated and measured IV-curves. A current abrupt behavior is reproduced and verified by the measured data. Fig.5 shows the comparison of the simulated V Forming values with measured data at different cell thicknesses and temperatures. Fig.6 shows the cumulative probability distribution of the V Forming values simulated and measured on 40 RRAM devices. These good agreements between simulations and measured data demonstrate the validity and accuracy of the developed stochastic simulator for the Forming process.
The characteristics of CF evolution under various switching parameters are explored by the developed simulator. As shown in Fig.4 , compliance current is used to prevent an irreversible thermodynamic dielectric breakdown. However, the practical measurement equipment or the intrinsic parasitic effect has a delay time which leads to current overshoot over the desired limit and results in a high Reset current. Fig.7 shows the CF shapes comparison between the case without and with 0.2ns delay time. It reveals that current overshoot will lead to a stronger CF. The current overshoot is decided by two factors: the delay time and the CF expanding rate. Here, we focus on the issue how to control the CF expanding rate. We evaluate that the CF expanding rate depends on the time interval between two different current values during the CF expanding process, in which longer time interval means slower CF expanding rate. Fig.8~11 shows the interval time with different sweep rate, ambient temperature, doping concentration and pre-exist V O concentration. The doping element considered in this work will reduce E a to 1.0 eV. It reveals that low sweep rate, high ambient temperature, high doping concentration and high pre-exist V O concentration are helpful to reduce the CF expanding rate, consequently the Reset current.
Conclusions
We report and demonstrate a stochastic simulator to self-consistently simulate the evolution of CF during the Forming process. Our simulation results reveal that low sweep rate, high ambient temperature, high doping concentration and high pre-exist V O concentration are beneficial to the controlled CF evolution rate and the suppressed current overshoot effect, which is critical to achieve a low Reset current and low operation power. A b s t r a c t s o f t h e 2 0 1 2 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , K y o t o , 2 0 1 2 , p p 6 1 2 -6 1 3   B -4 -3 PRB, 52, p253 (1995) . 
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